NA. A >t Propulsion Laboratory

T alifornia Institute of Technology

The OpenSE Cookbook: A practical, recipe
based collection of patterns, procedures, and
best practices for executable systems
engineering for the Thirty Meter Telescope

June 12, 2018, Robert Karban, CAE Project Systems Engineer
Jet Propulsion Laboratory,
California Institute of Technology

11-15 June 2018 — SPIE Astronomical Telescopes + Instrumentation,
Austin, TX, USA

The cost information contained in this document is of a budgetary and planning nature and is intended
for informational purposes only. It does not constitute a commitment on the part of JPL and/or Caltech.
Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not constitute or imply its endorsement by the United States
Government or the Jet Propulsion Laboratory, California Institute of Technology.

© 2018 California Institute of Technology. Government sponsorship acknowledged.



Agenda

* Introduction

TMT and MBSE Approach
Cookbook Principles
Cookbook Examples

Jet Propulsion Laboratory
California Institute of Technology




NASA Jet Propulsion Laboratory (JPL)

e Located in Pasadena, CA

* NASA-owned “Federally-
Funded Research and
Development Center”

* University-operated
« ~5, OOO employees

Contract
Negotlatlons

Program
Direction & Funding &
Reporting Oversight

3 jpl.nasa.gov




Who is Robert?

: - CAE Project Systems Engineer
f at NASA's JPL - USA

' Member of INCOSE
Co-Chair of the OMG SysML Revision Task Force
Formerly Control System/Software Engineer and
Architect at:

« European Southern Observatory — Germany,

Chile

 CERN - Switzerland/France

» Siemens Healthcare - Austria
M.Sc. Computer Science (Austria)




Agenda

* Introduction

TMT and MBSE Approach
Cookbook Principles
Cookbook Examples

Jet Propulsion Laboratory
California Institute of Technology




s ‘v



TMT applies “Hybrid” Systems Engineering Approach

Traditional SE MBSE
— Clear, defined deliverables — Understanding behaviors of a
— Easily accessible system
— Shallow learning curve — “Rich” capability to represent

— Simple traceability complex systems




TMT MBSE Approach delivers consistent, verifiable
engineering products

 Define an

« Use the model to
on power consumption, mass, duration,
pointing errors, etc.

* Produce
— Requirement Flow Down Document
— Operational Scenario Document
— Design Description Document
— Interface Control Documents

 Use
to avoid custom software development
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TMT MBSE follows a well defined Modeling Approach

* Object-Oriented Systems Engineering Methodology
( ), but with additional activities focusing on
building an executable model

* Use case driven model development
* Challenges:

— JPLiIsa for a number of subsystems of the
TMT (the )

— Model is used by a number of teams, including TMT

ESEM = OOSEM + Executability



Executable SE Approach focuses on Key SE Artifacts

 Emphasize executable models to enhance
understanding, precision, and verification of
reguirements

« Executable Systems Engineering Method ( )
augments the OOSEM activities by enabling executable
models

— ESEM defines executable SysML models that verify requirements

— Includes a set of analysis patterns that are specified with various
SysML structural, behavioral and parametric diagrams

— Also enables integration of supplier/customer models and analysis
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OpenSE Cookbook addresses Systems Engineering
Concerns

Provides goal oriented guidance using patterns, e.g.
« How-to Verify Requirements
« How-to Roll-up Technical Resources

Driven by Systems Engineering Workflows
Enables combing patterns into more complex recipes

Demonstrates how to build system models with available
tooling - How/where do | start?

Includes known usages in TMT production model as
reference

Commoditizes Executable Systems Engineering



TMT Analysis workflows drive the OpenSE Cookbook

Explanation Definition

Upd

it Reqt

ate Requirements 2

uireme

Analyze Conceptual Design 3

«block»
«Explanations
Duration Explanation

ppis : Peak Power Lim

Post-Segment exchange alignment time

Text = "APS shall be able to perform on-axis

PEAS2M1CSOut APS to M 1CS interface i eblocks
alignment in less than 120 minutes (at a

PEAS2TCSIn On-axis alignment maximum time for Post
PEAS2TCSOut
PEAS2ESWin

single elevation angle) when all optics are
within the post-segment exchange

analysisDriver : Analysis Driver

PEAS2ESWOuUt - specifications.”

PEAS2M1CSIn TMT ID = REQ-2-APS-0016
APS2Userin ] K
APS2UserOut - xmrgé! |csatistn

«constraints |

PostSegmentE xchangeTimeConstraint ‘

| «blocks

{p1<=maxTime} ‘ | APS Mission Conceptual
> 1 I ;

maxTime: R |APS Operational Blackbox APS Conceptual

p1: Re: I i

T Final : Real PostSeg Xchg Tme Limit :  Post Segment Exchange : Off Axis Off Axis Map RB Dit : Integer Phasng Dit :
aiccod Post Segment Exchange Measurement Ponts : Integer Integer
Time Constraint Steps : Integer
7200.0 Dass
5 7 <5 A1)

NFIRAOS
e

Analyze Realization
Design/Specification

Controter Rack

Change request 1 =
Max duration Post-segment exchange: Z200s 5000s
Number of exposures of 45s 4 6
Max peak power consumption in dome: 8.5kw 8-1kw
Number of motors with 50W 10 12

Produce Engineering Documents 5




JPL/CAE Systems Environment provides integrated
Life-Cycle Support

Analysis Multi-Machine
Orchestrator Analysis
-
ModelCenter Syndeia Artifactory

Cloud Cloud

Analyses Maps Artifacts

™S MMS  Teamwork |45 Cloud
Cloud

Timelines Indices Models R

Web Services
View Editor

OpenCAE DevOps




JPL develops requirements for Systems Environment
(tooling) through Case Studies

For Example:

* Requirements Management
 Interface Management

« Design Management

Trade Studies
Interdisciplinary Integration
Analysis Pipeline

Resource Management
Timeline Management
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OpenSE Cookbook combines different aspects

Update 2012 “Cookbook for MBSE with SysML”

* Focus on structure and requirements using European
FP7 Active Phasing Experiment (APE) as case study

Include Patterns developed for TMT
* Focus on behavior and analysis workflows
Guided by ESEM methodology

Describe tooling support provided by JPL Systems
Environment

OpenSE model library provides commonly used elements
Instructional examples

Application to actual engineering team, i.e. TMT
Template Models and recommended model organizations



OpenSE Cookbook and Template Model

4 Create Diagram % APS Maintenance Al

. | = “Cookbook” for modeling
' methodology & patterns
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Note
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7 Problem
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= Block Definiti. + - = Cookbook for MBSE with SysML
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Software Developer n
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% Use Case Dia...
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OpenSE Cookbook promotes re-use

OpenSE Cookbook contributes to JPL institutional and
project specific Cookbooks
Project-independent modeling patterns as guidelines

Project-specific modeling patterns for common modeling
tasks

'OpenSE Cookbook |

ICAE SE Cookbook| |JPLSE Cookbook |

'EUropa Cookbook | 'MSR Cookbook| |M2020 Cookbook |
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OpenSE Cookbook is used as reference

OpenSE cookbook and TMT model used as reference
model for the OMG SysML 2 standard

o Demonstrate how SysML 2 will improve, simplify, change model
wrt SysML 1.x

Training material and knowledge transfer
Promote standards and conventions
Used by vendors as reference to test and evolve products
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Systems Model is developed according to ESEM
using Cookbook Patterns

Define APS Mission boundaries

Elaborate Conceptual Architecture

Capture Component Behavior and Characteristics
Specify Interactions between Components

Run Analyses



Define APS Mission (===
boundaries Operator

TMT specification /

handed to JPL .
\ 7 ablod -

APS Mis

1 wse2zes o

| components

Modeled high-level
behavior of interfacing

T APS Black
Box

Yablocks
APS Black Box Specification TMT T 1

Pk

wblocks

APS Operational Blackbox
Epnciﬂcallﬂn JPL

\

JPL realization
of APS

Other TMT

PEASZCSI

Interfaces
between APS
and other
subsystems

Subsystems




Elaborate Conceptual Architecture

APS conceptual is | Siera

broken down into
several components

Procedure
Executive
Analysis
Software
(PEAS)

= = Behavior of all interacting
components modeled




Capture Component Behavior and Characteristics

Coarse Tilt Alignment

initTimer
> do / Coarse Tilt Alignment

¥
1

only acquire new star, don't guide. no
PIT tracking

Post-Segment Exchange Alignment

(‘act [Activity] Find and identify] Find and identify ] ]

Author: bseo Version:

Finished / diffTime X Broad Bf
“| do / Broad
I 4
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—

walueSpeciﬂQ

Correcting Rigid Body and Segmen
Figure Iteration 1

do / Rigid Body and Segment Figure correction

Narrow Band Phasing

do / NarrowBand Phasing -~ — —
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\
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Al .
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e
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result
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W
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T
|
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Specity Interactions Between Components

Active

Gat SH CCD Temperture_Quer)Pet”m CCD Temperature

wait1 5 - :
;C_SH_Cmd_Complezed1d° / SendAck_CCD_temperature

3 Select SH_PupilMask_Cmd Change Pupil Mask
wait2 />

ye entry / processMask
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|"'act [Activity] Take SH Exposure Take SH Exposure_]J

wvalueTyper
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e =

= J : Take =
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On Port = 1 PEAS2SHOUL mee \
|

'J.ac:t [Activity] SendAck_Take_Exposure] SendAck_fake_Exposure]J
. ”
i
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W
Read Out Detector
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W
5H_Take exposure Ack

Use of signals sent over ports to Moagort = 1 CC_SHZPEASOU

. . W
simulate a message passing Ce_Sh_Cr_Compites
mechanism between components Also across subsystems!

(e.g., APS to M1CS)




Run Analyses

Run a configured analysis with a simulation engine on the
initial conditions to get the final conditions

Produce the analyses declaratively, repeatably (in any
system), without a single line of project-specific code ->
reducing time and resources

Produce the following views on final conditions

— Table showing final analysis values (e.g. peak power) and the
constraint’s pass/fail status for each scenario

— Timelines: state changes for components over time _
— Value profiles: total rolled up values over time |g

Timeline

o Pressed —_— —
2
@
Rele
tic —_— —
=
g
= L2z
" off
tick
n
1sfis|isfisf1s 15| 1s|is g5 J1sf1sfisfisfisf1s|is

Name Classifier T Final : Real
Ph

= calibrations Duration ¢ & Calibrations Duration §
? = calibrations Duration § E APS Conceptua
El Procedure Executive an

= calibrations Duration &



Requirements Verification

Intent

« Validate requirements, verify as designed system against requirements
and publish analysis results

Cookbook Volume
« System Requirements Management
Educational example
« Autonomous Ferry Transportation
Known Uses
« APS - Post-segment exchange timing requirements
Tooling
« Cameo Systems Modeler and Simulation Toolkit, View Editor
Notes

* Property Based Requirements links Requirements Management and
System Design



Formalizing Requirements with Property Based
requirements

bdd [Package] Domain[ APS Operational Blackbox LJ

«TMT Reguirements
Post-Segment exchange alignment time
eblocks «Specifies» Text = "TREQ-2-APS-0016] APS sha
APS Black Box Specification TMT = — — — — |perform on-axis alignment in less tha
(at a single elevation angle) when all

) the post-segment exchange specifications. ™
TMT ID = REQ-2-APS-0016"

T
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|
wblocks ablocks

APS Operational Blackbox On-axis alignment maximum time for Post
Specification JPL Segment Exchange JPL

T postSegXchgTimelimit: second | 7200

Mathematical

. wconstraints
re-formulation MaxTimeConstraint
of requirement | |qi<madime

sblocks ablocks

«oosem:physicals APS Conceptual
APS Realization maxTime : Real
pl: Real




Veritying Timing Requirements by Simulation

bdd [Package] Automatic Duration Analysis[ Duration Analysis - Post Segment Exchange U

par [Block] Post-Segment Exchange Duration Scenario] Post-Segment Exchange Duration Scenario Analysis LJ

|'JEx|::Ia|_12tion Definition
*aPs Mission Conceptual : APS Mission Conceptual

-xblpck:_o APS Operational Blackbox : APS Conceptual [1]

Duration Analysis Context - -
i - peas : Procedure Executive and Analysis Software

_ . . . = wequals
analysisDriver : Analysis Driver tFinal : Real

on-axis alignment maximum time for Pest Segment Exchange JPL.postSegXchgTimeLimit : second

weguals

maxTime : Real pl : Real
wconstraints

on-axis alignment maximum time for Post Segment Exchange JPL. postSegmentExchange : MaxTimeConstraint
{p1<=maxTime}

riy

T ]
ablocks |

|

|

Post-Segment Exchange Duration Scenario

Post-Segment Exchange Duration Scenario = AnalySIS Context aggregates Conceptual
model, binds formalized requirement,
and triggers verification use case




Veritying Timing Requirements by Simulation

bdd [Package] Automatic Duration Analysis| Duration Analysis - Post Segment Exchange ]J

wblocks
Duration Analysis Context

analysisDriver : Analysis Driver
wanalysess . |
\nPE

| — |

sd [Test Case] Post-Segment Exchange Duration Scenario[ Post-Segment Exchange Duration Scenario ]/]

sblocks ablocks
analysisDriver : Analysis Driver aPS Mission Conceptual.APS Operational
Blackbox.peas : Procedure Executive and

Analysis Software

Use case initiated
with same message
amives| 0ASSING Mechanism

riy

[

Post-Segment Exchange Duration Scenario

Post-Segment Exchange Duration Scenarios

|
|
I
ablocks |
|
|
I
|

{60s}

2: Post-Segment Exchange Alignment
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Veritying Timing Requirements by Simulation

("act [Activity] Coarse Tilt Alignment[ Coarse Tilt Alignmemy

«valueSpecification» «valueSpecification»

true false
«valueSpecification»

SH-0
J/doAcquisition | \LdoStartPITTrack

Vs

Ldes"edSH"“aSk . Setup APS, Acquire and Start Guiding

th doGuide «valueSpecification»
R —

desiredSHFilter false

EEE—

TBD: Get SH Image i=1;

back; output SH Image;

Infout for F&I; Calc offset

based on map & ref |

X : Throw Telescope
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Exception

«valueSpecification» \
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Veritying Timing Requirements by Simulation

- - postSegXchgT . ) postSegmentE
«TMT Reguirements 1 secon thinal=Real :MaxTimeCo

Post-Segment exchange alignment time

>

FILIET © AFD IVIESSTOTT WO TS P
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1 TMT ID = REQ-2-APS-0016" [ackbox: APS Conceptual [1] f Constralnt IS elther
. violated or not

peas : Procedure Executive and Analysis Software

tFinal : Real

on-axis alignment maximum time for Post Segment Exchange JPL.postSegXchgTimelimit : second
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maxTime : Real p1 : Real

«constraints
on-axis alignment maximum time for Post Segment Exchange JPL.postSegmentExchange : MaxTime Constraint
{p1<=maxTime}




Monte Carlo driven Analysis

Intent

« Estimate the characteristics and probability of a particular behavior using
modeling anchored through data.

Cookbook Volume
« System Analysis Management
Educational example
« Quadrupedal Robot
Known Uses
« AO - Acquire a target with IRIS and NFIRAOS
Tooling
« Cameo Systems Modeler and Simulation Toolkit, View Editor
Notes

« SysML probability concepts and distributed properties capture operational
knowledge in system model



Error Budget Management

Intent

« Manage error budgets of technical resources such as Mass,
Power, Data

Cookbook Volume
« System Resource Management

Educational example
* Microscope

Known Uses
* APS - Alignment error of the M3 to APS interface

Tooling
« Cameo Systems Modeler and Simulation Toolkit, View Editor



Conclusions and Summary

* OpenSE Cookbook addresses SE concerns
 Built on proven patterns from TMT and APE
« Supported by tooling
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